The absorption of a photon by a photoreceptor triggers a small voltage fluctuation termed the ÔbumpÕ. Here, in the housefly, I introduce the bispectrum of photoreceptor noise to characterise the bump under dim light. The bispectrum provides explicit phase information and is not contaminated by Gaussian background noise. Over the photon rates examined (<10 4 s À1 ), I show that bumps are minimum-phase, noise spectra are little affected by natural variations in bump shape and bumps adapt such that amplitude is approximately proportional to duration squared. In the dark exists a Ôdark eventÕ, which I suggest represents spontaneous activation of Gprotein.
Introduction
The mechanisms of phototransduction in insect photoreceptors have received much attention as a model for understanding principles of signal transduction and the regulation of molecular pathways (Hardie & Raghu, 2001; Minke & Hardie, 2000) . Insect phototransduction involves a G-protein activated, phosphoinositide signalling cascade, a pathway found widely throughout the human body (Berridge, 1993) . So far most attention has focussed on identifying the molecular components of this pathway. A complete description, however, must account for both the dynamics of the photoresponse and the way in which the response adapts to prevailing light conditions. For this purpose, we must have an accurate description of the photoresponse at all light levels.
The most fundamental unit of a photoreceptorÕs light response is the Ôquantum bumpÕ, the voltage fluctuation triggered by the absorption of a single photon (Kirschfeld, 1966; Lillywhite, 1977; Wu & Pak, 1975; Yeandle, 1958) . In very dim light, bumps are easily observed as discrete events. However, at higher light levels bumps superimpose and their shapes cannot be distinguished. Consequently, adaptation of bump shape with light intensity cannot be examined from single observations. Average responses to flashes of light also fail to provide accurate measures of bump shape owing to dispersion in the latency between photon absorption and bump generation (Fuortes & Hodgkin, 1964; Payne & Howard, 1981) . Bumps do not occur simultaneously following the flash and the macro-response is smeared.
To characterise bumps at high light levels, therefore, it is necessary to analyse the statistics of photoreceptor noise, an approach often used to characterise subcellular events in other preparations (DeFelice, 1981) . Typically, the power spectrum of photoreceptor noise is measured and basic bump parameters such as height, duration and rate are inferred at a number of light levels (Barash & Minke, 1994; Juusola & Hardie, 2001; Wong, 1978; . Unlike average responses to flashes of light, the power spectrum isolates the bump generating mecha- nism from latency dispersion (de Ruyter van Steveninck & Laughlin, 1996; Fuortes & Yeandle, 1964; Wong, Knight, & Dodge, 1980) . Nevertheless, as a basis for establishing the precise shape of the bump, it suffers two further shortcomings. First, it contains no phase information. To extract a bump shape from the power spectrum, one must assume a bump phase spectrum (see . Second, the power spectrum of photon noise, or shot noise, recorded in a photoreceptor is heavily contaminated by electrode and intrinsic noise sources. Although routinely subtracted from measured power spectra, it is not known if background noise is constant under dark and light conditions. To address these issues I shall consider a related but more sophisticated statistic, the bispectrum.
The bispectrum has been used to examine time series data in a number of other fields, including astronomy (Aime, 2001; Scoccimarro, 2000) , cardiology (Lipton et al., 1998) , neurology (Johansen & Sebel, 2000) and Earth sciences (e.g. Anandan, Reddy, & Rao, 2001) , where similar phase and noise issues exist. While the power spectrum of photoreceptor noise represents pairwise temporal correlations, the bispectrum represents triplet correlations. Consequently it provides more information about noise structure; in particular, the phase information missing from the power spectrum. Also, as I will show, the bispectrum of photoreceptor noise is insensitive to background noise over a range of bump rates up to 10 4 s À1 . The bispectrum thus represents a novel and informative measure of shot noise with which to examine bump shape adaptation.
Here, I take recordings of photon shot noise in the photoreceptors of male housefly, Musca domestica, responding to constant light and construct both their power spectra and bispectra at different levels of light adaptation. These are analysed and compared with the following aims: first, to measure for the first time the phase of bispectral bumps directly; second, to assess the effects of background noise on the power spectrum and the validity of traditional power spectral analysis; and third, to assess how variations in bump dimensions affect bump estimates extracted from correlation spectra. Having obtained high signal-to-noise spectral estimates, I examine light adaptation of bump shape and consider what constraints govern bump generation. I also report the existence of a noise source in the dark that may represent the spontaneous activation of downstream elements in the phototransduction cascade.
Methods

Animals and preparation
Intracellular microelectrode recordings were taken from R1-6 photoreceptors of male wild-type houseflies, M. domestica. Flies were obtained from commercial stocks (Blades Biological, Edenbridge, Kent, UK). Recordings were made from adults, 1-2 weeks after emergence, in the middle of the day. The microelectrode was inserted through a small hole cut from the cornea and sealed with grease. Electrode resistance was typically between 110 and 200 MX. Only cells with a resting potential more negative than À60 mV and a maximum dark-adapted response to a 1 ms flash of light greater than 50 mV were considered.
Stimuli and recording
Recordings were of photoreceptor noise in the dark and under adapting illumination. Light was delivered from a blue-green light-emitting diode (LED, k max = 505 nm; LEDtronic, Torrance, CA, USA) via a fluid filled light guide centred on the photoreceptorÕs optical axis. Intensity was controlled using a series of neutral density filters covering a range of 3.5 log 10 units in steps of 0.5. The darkest non-zero light intensity was typically 5 photons/s, as measured by counting bumps throughout the recording made at that intensity.
Photoreceptor voltage was recorded using the Axoclamp 2A amplifier (Axon Instruments, Union City, CA, USA) in ÔbridgeÕ mode. Responses were low-pass filtered with a 4-pole Butterworth filter of cut-off frequency, 500 Hz, and were sampled at 1250 Hz.
At each light intensity, 500 recordings were made, each 1024 samples long (0.8192 s). Light intensities were chosen in sequence from darkest to brightest. Afterwards, extracellular noise was recorded in the same way to characterise electrode noise. Temperature was 23°C.
Noise spectra estimation
At each light intensity, the 500 noise records were divided into 769 overlapping sections of 256 samples in length, each shifted by one sample from the previous.
Let P (k) represent the power spectrum of photoreceptor voltage noise at the kth discrete frequency, f (k) = k/NDt, where N is the number of samples per section and Dt is the sampling interval. Let B (k,l) represent the bispectrum at the kth and lth frequencies. We form estimates of these quantities, respectively,P ðkÞ andBðk; lÞ, as:
where
X m (k) is the Fourier transform of the mth de-meaned data section, x m ðnÞ À x m , where x m is the section mean and n indexes the samples in the section. T = NDt is the total duration of a section and there were M = 500 · 769 sections. i ¼ ffiffiffiffiffiffi ffi À1 p and * indicates complex conjugation. The window function, w (n), was chosen to minimise estimation bias in either the power spectrum or the Fourier spectrum (Papoulis, 1972 (Papoulis, , 1973 . For P (k) we have
and for B (k, l), 
where r B (k, l) is the standard error in the estimate amplitude (Rosenblatt & van Ness, 1965; van Ness, 1966) .
Bump reconstruction
When reconstructing bump shapes from measured spectra, amplitude and phase are considered separately. An overview is presented here. For further details see Supplementary Material.
When using the power spectrum estimate,P ðkÞ, to determine bump shape without adjustment for photon flux, the bump amplitude spectrum, jĤ ðkÞj, is formed as ffiffiffiffiffiffiffiffiffi f P ðkÞ q .
Phase,ĥðkÞ, is determined from jĤ ðkÞj using the Hilbert transform under the assumption that the bump is minimum-phase . Reconstruction of the bump amplitude spectrum from the bispectrum estimate,Bðk; lÞ, relies on the observation (see Eq. (12), ignoring k) that the logarithm of bispectral amplitude can be decomposed into a linear sum of the logarithms of bump amplitude spectra (Sundaramoorthy, Raghuveer, & Dianat, 1990) log jBðk; lÞj ¼ log jH ðkÞj þ log jH ðlÞj þ log jH ðk þ lÞj. ð7Þ
This relationship for all non-redundant frequencies is converted to matrix form and solved for log jH ðkÞj. To minimise estimation error, the calculation is weighted by the signal-to-noise ratio, SNR B (k, l), of the bispectral estimate (Matson, 1991; Rangoussi & Giannakis, 1991) .
The bump phase spectrum is determined from the bispectrum with the iterative method of Matson (1991) and relies on the observation (see Eq. (12) 
where the tildes over B (k, l) and H (k) indicate normalisation to unit amplitude. Briefly, starting with an approximate bump shape, H (n), Eq. (8) is solved forH ðnÞ at all relevant frequencies, k = n, l = n or k + l = n. The results are averaged for each frequency, n, and the whole procedure is repeated until no further change inH ðnÞ occurs. The phase ofH ðnÞ then provides the phase spectrum,ĥðnÞ. For both power spectral and bispectral approaches, amplitude and phase are combined as jĤ ðkÞje iĥðkÞ to form two estimates,Ĥ ðkÞ, of the bump spectrum. The bump waveform is the inverse Fourier transform ofĤ ðkÞ.
Results
What is the bispectrum?
Like the power spectrum, the bispectrum may be defined in terms of a correlation (Papoulis, 1991, pp. 389-394) . Taking a stationary stochastic process, x (t), we form its second-and third-order correlations, R xx (s) and R xxx (s 1 , s 2 ), respectively, as:
where E [AE] is the expectation operator and t is an arbitrary point in time. In words, the second-order correlation is the average product of the process at two points in time separated by the interval, s. The third-order correlation is the extension of this concept to three points separated by two intervals. The power spectrum and the bispectrum are given as the Fourier transforms of these quantities.
Owing to the nature of light, photon absorption by the photoreceptor is well described as Poisson shot noise (Fuortes & Yeandle, 1964) . In this case, the mean-adjusted power spectrum, S xx (f), and bispectrum, S xxx (f 1 , f 2 ), are (Papoulis, 1991, pp. 360, 392) :
where k is the photon flux and H (f) is the Fourier transform of the bump waveform. Clearly both spectra bear the bump signature and may be used to estimate bump shape (Section 2). However, as indicated in the Introduction, the bispectrum provides superior estimates at low-light intensities as it is less corrupted by background noise and provides explicit phase information. Fig. 1A shows example traces from a typical Musca photoreceptor over the range of light intensities used in this study. In the dark, the photoreceptor exhibits a noise derived largely from the random opening and closing of ion channels and thermal noise (Abshire & Andreou, 2000) . When the light is turned on, large (1 mV) bumps may be seen clearly against the background noise. The number of bumps counted at the dimmest illumination identify each light intensity with an absolute bump rate. As light intensity is increased, bumps begin to superimpose and variance increases. Eventually, however, variance declines as bumps adapt, each becoming shorter in duration and smaller in amplitude (Dodge, Knight, & Toyoda, 1968; . Illumination is also associated with an asymmetry (skew) in the voltage noise (Fig. 1B) (Barash & Minke, 1994) . At low intensities non-overlapping bumps produce a positive tail in the distribution of voltages and asymmetry is high. At higher light intensities, however, as bumps overlap the noise becomes more symmetrical, approaching a Gaussian distribution at the highest intensity (Papoulis, 1991, p. 633) . Although the voltage is never truly Gaussian, a declining asymmetry is associated with a fall in the signal-to-noise ratio of the bispectral estimate (Nikias & Raghuveer, 1987) . The intensities represented in Fig. 1A , therefore cover the full range within which reliable bispectral bump estimates may be made. Although the fly photoreceptor is capable of registering photons at rates over 2 orders of magnitude higher than this Howard, Blakeslee, & Laughlin, 1987) , the maximum rate considered here is nonetheless a natural choice for other reasons. At higher rates, more than one photon will be absorbed by each microvillus (the structural unit of phototransduction) on the time scale of a single bump and bumps would cease to be independent (Barash & Minke, 1994; Schnakenberg, 1988; . At even higher rates, several absorbed photons may contribute to the opening of a single light-gated channel (Schnakenberg, 1988) . Even if bispectral estimates could be made at the highest rates, it is not clear whether applying the Poisson bump model would be appropriate.
Photoreceptor noise
In the following, all results are illustrated with the same set of recordings represented in Fig. 1 . However, six cells were examined in total, all producing the same conclusions. Where appropriate, statistics for these other cells are provided.
The power spectrum and its derived bump
The power spectra of the raw voltage noise in the dark and at all levels of illumination are shown in Fig. 2A alongside electrode noise power recorded outside the cell. The major features of these spectra may be correlated with our above observations of raw voltage (Dodge et al., 1968) . As bumps become shorter with light intensity, the bandwidth of the power spectrum increases. The effect of photon flux is to boost overall power. However, as bump amplitude and duration continue to decrease, maximum power eventually declines. In the dimmest light, bumps can be seen clearly against the background noise. As intensity increases, the bumps superimpose and variance increases. (B) Log probability distributions of photoreceptor voltages in the dark and at two illuminations, 19 and 6000 s À1 , normalised by height and standard deviation and centred at their modes. Although highly asymmetrical at the lower intensities, the voltage distribution approaches a Gaussian (dotted line) at the highest intensities.
Traditionally, the power spectrum has been used to characterise the bump waveform (Dodge et al., 1968) . However, in this regard there are two problems with the power spectrum. First, as indicated in Fig. 2A , noise sources unrelated to the light response distort the power spectrum estimate, especially at high frequencies and at low-bump rates where shot noise power is least. Second, the power spectrum contains no phase information, without which the bump shape is unconstrained.
The standard solution to the first problem is to assume that background noise is independent of light intensity (Barash & Minke, 1994; Juusola & Hardie, 2001; Juusola, Kouvalainen, Järvilehto, & Weckströ m, 1994; Minke & Stephenson, 1985; Wong, 1978) . Shot noise power at all light intensities is corrected by subtracting the noise power spectrum measured in the dark. The results of this procedure are shown in Fig. 2B . Note that adjusted power spectra all asymptote to a line (on log-log scales), indicating a power law attenuation of noise power with frequency. Furthermore, although the position of this line is dependent on photon flux, its slope is more or less constant.
A solution to the second problem is to assume that bumps are minimum-phase (de Ruyter van Steveninck & Laughlin, 1996; . A minimum-phase bump is simply one which, given its magnitude spectrum, has the least possible phase lag at all frequencies. Minimum-phase bumps extracted from power spectra before and after correction for background noise are shown in Figs. 2C and D. As expected, the bumps derived from corrected power spectra are much more plausible than those derived from raw spectra, especially at low-light intensities (cf. Fig. 1A ). Without an assumption free account of power, however, the accuracy of the extracted bumps remains uncertain. ) and do not resemble those observed in the dimmest light (Fig. 1A) . (D) Bump shapes estimated from the spectra in (B). Removal of background noise produces plausible bump shapes. Bumps constructed assuming a constant roll-off in the low signal-to-noise region below the power included in (B). Fig. 3 presents the log amplitude of the bispectra and the bumps derived from them at different levels of illumination for the same cell as in Fig. 2 . The same general features exhibited by power spectra may be observed. As light intensity increases, bandwidth increases and bump duration decreases. General shape is also the same. Extracted bumps are clean, except at the very highest and very lowest intensities where estimation signal-to-noise ratio is lowest. Fig. 3 shows that even in the dark a non-zero bispectrum and ÔbumpÕ are obtained. This result reflects the fact that dark noise is not quite Gaussian (Fig. 1B) . However, the dark event is slightly narrower than the bump obtained at the lowest light intensity (Fig. 4) . It does not, therefore, derive from the occasional spontaneous bump but from another perhaps unrelated skewed noise source (see later).
The bispectrum and its derived bump
Unlike the case of the power spectrum, however, the effect of background noise on bispectral estimation is small. First, the power spectrum is contaminated by all background noise sources whereas the bispectrum eliminates the Gaussian component. Second, the power spectrum is constructed from the product of two spectra whereas the bispectrum is the product of three (compare Eqs. (2) and (1)). The bispectrum of shot-noise plus background noise sources is therefore dominated more by the larger shotnoise component. To illustrate the robustness of the bispectrum, bispectra at all illuminations were corrected for the bispectrum of dark noise by subtraction. Fig. 4 shows that the effect of this procedure at the lowest light intensity is negligible. Identical results were obtained for the other cells and even smaller corrections were observed at higher light intensities (not shown). Any bias in the bispectrum produced by background noise may therefore be ignored.
A comparison of spectral methods
The results so far show that both the power spectrum and bispectrum provide plausible bump shapes at low-light levels but how do the bumps derived from the two spectra compare? Because the bispectrum is virtually free of corruption by background noise (Fig. 4) , by making this comparison we may assess the influence of background noise on the power spectral bump estimate.
For fair comparison, we must normalise bumps for photon flux, k. The appropriate normalisations are to divide power spectral bumps by k 1/2 and to divide the bispectral bumps by k 1/3 . This procedure provides estimates of the (11) and (12)). In normalising we are assuming that bump rate is proportional to light intensity. Although not true in brighter light, all indications from other fly species (including the smaller Drosophila) are that this assumption is valid in the range of intensities used here (<20,000 photons s À1 ) (de Ruyter van Steveninck & Laughlin, 1996; Howard et al., 1987; Juusola & Hardie, 2001) . The results are shown in Fig. 5A . Power spectra of these normalised bumps are shown in Fig. 5B .
The match between bumps derived from the two spectra is generally good. Such a match indicates both that the photoreceptor is behaving as expected for a shot-noise system and that the bump counts obtained in dim light and in the dark are approximately correct.
A likely source of error in the estimation of the bump from the power spectrum is the subtraction of dark noise prior to bump extraction (Fig. 2) . Not only may noise measured in the dark be an inappropriate measure of background noise under illumination but sampling errors in the estimation of both spectra will sum after subtraction. These error sources will be most problematic at the dimmer light levels where shot noise power is not much greater than dark noise power ( Fig. 2A) . Indeed, the agreement between bumps extracted from power spectra and bispectra is least at the lowest intensities. However, the match is still reasonable. These results indicate that subtraction of noise power measured in the dark from power spectra measured under illumination is an approximately valid procedure for isolating shot noise power, at least at the intensities applied here.
Bumps are minimum-phase
The fact that bumps derived from the two spectra are so similar (Fig. 5) indicates that bumps remain minimumphase at all the light intensities used. We reach this conclusion because power spectral bumps are derived on the assumption of minimum-phase but bispectral bumps are derived without phase assumption.
To test the minimum-phase assumption more directly, the power spectra of bispectrum-derived bumps were determined and minimum-phase bumps were calculated from these power spectra as in the previous section. Both the original bispectral bumps and their minimum-phase equivalents are presented in Fig. 6A . Note that time-shifts have been applied to the original bumps because the bispectrum does not specify absolute delay. We see that there is an almost perfect overlap between the two sets. Thus, to within a time-shift, the bumps extracted from the bispectrum are minimum-phase. The same conclusion is reached when examining the phase spectra of the two sets (Fig. 6B ).
These observations demonstrate that it is valid to assume bumps are minimum-phase when extracting their shapes from shot-noise power spectra. They are also important for functional reasons. Given the frequency gain of phototransduction, a minimum-phase bump will represent the absorption of a photon as briefly as possible. Such a property is desirable when light levels may be fluctuating rapidly and if the bump must be terminated before a second photon can be registered within a single microvillus (Hardie & Raghu, 2001 ).
The effects of bump variance
In the above analyses we assume that correlation spectra provide an unbiased measure of the average bump shape. This assumption would be true if all bumps at a given light level were identical. However, bumps are not always the same (Fig. 1A) . In fact, bump amplitude and duration vary independently in dim light (Henderson, Reuss, & Hardie, 2000; Howard, 1983) , a phenomenon that seems to reflect variability in the molecular composition of different microvilli rather than micro-adaptational effects (Scott & Zuker, 1998 ). Can we say anything about the influence of this variability on our measurement of mean bump shape? For simplicity, I shall concentrate on the effects of bump amplitude variance, so called Ôtransducer noiseÕ (Lillywhite & Laughlin, 1979 ). In the case in which there is variance in bump amplitude but bump duration is fixed, the bump power spectrum becomes (Papoulis, 1991 ; see pp. 361-362, 629-633)
where a is the bump amplitude and H ðf Þ is the Fourier transform of the bump, with the bump normalised to unit height. The equivalent expression for the bispectrum is
We see that the magnitudes of these spectra are determined, respectively, by the second and third moments of bump amplitude. Bumps extracted from the power spectrum and bispectrum have amplitudes proportional to the square root and cube root of these moments. Only in the case of zero amplitude variance will these roots equal the amplitude of the mean bump. The size of the discrepancy between extracted bump amplitude and mean bump amplitude is impossible to gauge from the data, except at the dimmest light levels. There we can identify individual bumps and measure bump amplitudes and their moments directly. This procedure may give an indication of the likely bias occurring at higher light levels. Fig. 7 shows the average bump (lower solid line) and its standard deviation (dashed line) for one cell in very dim light (6 bumps s À1 ). Before the bump, there is a baseline variance resulting from general background noise. During the bump, however, variance increases due to transducer noise. I have adjusted for background noise the second and third moments obtained at the peak of the bump, assuming that transducer noise and background noise are independent. Copies of the average bump, scaled to the square root and cube root of these moments, are also plotted (middle and upper solid lines).
Comparing the second and third moment predictions with the average bump, we notice two things. First, the bias introduced is small, 10% at most and second, the second moment bias is smaller than the third moment bias, only 5%. On average, the second moment prediction was 1.046 (n = 6, sd = 0.013) times the mean. The third moment prediction was 1.091 (n = 6, sd = 0.027) times the mean. The modest effect of bump amplitude variance on estimation accuracy is consistent with the good match between bumps . The second moment and third moment bumps (middle and upper solid lines) show the mean bump scaled to the square root and cube root of the second and third moments of bump amplitude, respectively. These bumps indicate the bias typically introduced by using the power spectrum and the bispectrum to determine mean bump amplitude.
obtained from the power spectrum and the bispectrum at all light intensities (Fig. 5 ). More importantly, we validate the conventional analysis of the power spectrum. In terms of variance effects, the power spectrum is actually predicted to perform better than the bispectrum.
Constraints on the shapes and dimensions of adapting bumps
In Fig. 5B power spectra are normalised for photon flux. This normalisation shows that the power spectrum of a single bump decreases in magnitude and increases in bandwidth as illumination is increased. These changes reflect the reduction in both bump amplitude and duration seen in Fig. 5A . However, we also see that the power spectra converge to a common asymptote at high frequencies, provided estimation signal-to-noise ratio is high enough. The same pattern was exhibited in all other cells. Does this observation indicate the action of constraints on the adaptation of bump dimensions?
To illustrate the argument, I shall consider the following model for the shot-noise power spectrum, S xx (f) (Wong, 1978; :
where k is photon flux as before, A is a scaling factor reflecting bump amplitude for a given value of a and s is a time-constant reflecting bump duration. a is a parameter describing the slope of the power spectrum at high frequencies on log-log axes and the overall shape of the bump.
In terms of the model, if asymptotic slope is constant then a is fixed and bumps have the same shape. To confirm these observations, Fig. 8A replots the power spectra of Fig. 2C fitted with models of the form of Eq. (15). A and s were free parameters but a was fixed according to the asymptotic slope of the power measured at the two highest light intensities. The match is very good for all other intensities. The value of a obtained was 3.21. In other cells, a ranged from 2.5 to 3.4 with an average of 3.0 (n = 6, sd = 0.309). Also, when bispectral bumps are normalised for amplitude and width at half maximum, the results superimpose well, indicating that bump shape has not c changed substantially (Fig. 8B) . Similar matches were obtained with the bumps from other cells.
We now consider what it means when single bumps asymptote to the same log-log line at high frequencies as in Fig. 5B . When we eliminate k from Eq. (16) and a is fixed, we find that a common asymptote implies that the ratio, A/s a À 1 , is constant. That is, bump amplitude is proportional to duration raised to the power, a À 1.
In Fig. 8C , bump amplitude is plotted against bump halfwidth for flux-normalised, bispectrum-derived bumps obtained from all cells (n = 6) at all light intensities. There is a clear relationship between amplitude and duration. The data from the cell represented in Fig. 8A are indicated by the open symbols. The slope for this cell was 1.57, one of the lowest in the sample. Across the set, slope ranged from 1.55 to 2.19 with an average of 1.86 (n = 6, sd = 0.2601). Furthermore, in a pilot study using a blowfly, Calliphora vicina, photoreceptor, the slope was found to be 1.98. These figures are consistent with the values of a (ca. 3) measured from power spectra. We conclude that adaptation at low-light levels mainly involves changes in bump dimensions (amplitude and duration), not shape, and that bump amplitude is roughly proportional to the square of duration.
Rate and amplitude of the 'dark event'
Even in the dark, a bump-like event may be extracted from the bispectrum (Fig. 3) . We may analyse the properties of this Ôdark eventÕ by considering its shape and the skew or asymmetry of background noise. A convenient measure of the skew, 1, of a random variable, x, is
and g is the mean of x. This measure takes positive or negative values according to the direction of the asymmetry and is independent of variance. It is also highly robust as it involves integrating over the entire distribution of x (Papoulis, 1991, p. 109) . The probability density function (pdf) of dark noise is often quite symmetrical, indicating a low skew, 0.253 (n = 6, sd = 0.120) (Fig. 1B) . However, this observation is distorted by electrode noise, which is Gaussian. The effect is easily corrected because independent noise sources contribute additively to l 2 and l 3 . For cells in which electrode noise was measured successfully, the corrected value of 1 was 1.13 (n = 4, sd = 0.36). For comparison, the skew in dim light, adjusted for background noise, was 2.76 (n = 6, sd = 0.40). Thus, there is a skew to background noise that is consistent with the dark event extracted from the corresponding bispectrum. Now, if dark events represent spontaneous, independent events, then they should form a Poisson process. The skew of a Poisson process of rate, k, is given by the relationship (Barash & Minke, 1994, p. 251) ,
where h (t) is the event waveform. The right-hand side of Eq. (19) is independent of the event amplitude. Because we have both direct measurements of background skew (Eq. (17)) and the waveform of the dark event (Fig. 4) , we may use this relationship to estimate k. This was 108 s À1 (n = 4, sd = 74 s À1 ). Normalising the waveform by rate, as before, this figure corresponds to an event amplitude of 0.139 mV (n = 4, sd = 0.020 mV) and an overall contribution to photoreceptor voltage (event area times rate) of 0.119 mV (n = 4, sd = 0.055 mV). Compare this amplitude with that of a dark-adapted bump, 0.702 mV (n = 6, sd = 0.089), calculated by the same method.
Discussion
Noise analysis is a well established technique for characterising the microscopic events that generate macroscopic responses, whether these events are ligand-gated or voltage-gated channels (Conti, DeFelice, & Wanke, 1975; Katz & Miledi, 1972; McBurney & Barker, 1978) , miniature endplate potentials or other post-synaptic potentials (Rossi, Martini, Pelucchi, & Fesce, 1994; Segal, Ceccarelli, Fesce, & Hurlbut, 1985) or active transport fluctuations (Segal, 1972) . Noise analysis has been particularly effective at describing phototransduction and there is a long history of work showing that light adaptation reduces the amplitude and duration of quantum bumps, the unitary responses to individual photons (de Ruyter van Steveninck & Laughlin, 1996; Dodge et al., 1968; Hagins, 1965; Juusola & Hardie, 2001; Juusola et al., 1994; Wong, 1978; . Usually, the power spectrum of photoreceptor noise is employed as a measure of bump shape. Here I have investigated to what degree a third-order statistic, the bispectrum, may provide information about phototransduction.
Because the bispectrum of photoreceptor noise retains phase information and is dominated by the shot noise component at low-light levels, I have been able to provide unbiased estimates of bump waveform. The results show that: (1) bumps are minimum-phase and (2) the power spectrum of noise measured in the dark is a good approximation for background noise under illumination. These results will be welcomed by those who have employed the power spectrum for shot noise analysis, which assumes both minimum-phase and the independence of background noise. Furthermore, I have analysed the effects of bump variance on estimated amplitude at low-light intensities and predict that the power spectrum is biased only marginally by variance in bump dimensions.
Further analysis has provided two more observations. Throughout adaptation, bump shape is quite constant and amplitude is approximately proportional to the square of duration. As I discuss below, such scaling may constrain models of bump adaptation. Also, the bispectrum obtained in the dark reveals the existence of a bump-like component to background photoreceptor noise, which I refer to as the Ôdark eventÕ. By combining this reading with measures of voltage noise skew, I show that this event is small, $0.1 mV, and occurs at a rate of $100 s À1 .
Bump scaling
To the best of my knowledge, a scaling relationship between bump amplitude and duration has not been reported elsewhere in fly photoreceptors. Fuortes and Hodgkin (1964) describe a power law between the amplitudes and durations of flash responses in the horseshoe crab, Limulus, when the flash responses are expressed per photon. However, the exponent was much larger than I find for the housefly. A halving of the Limulus flash response duration is associated with a 200-fold drop in sensitivity (Dodge et al., 1968; Wong, 1978; . This discrepancy confirms that the physiology of phototransduction in Limulus and the fly are somewhat different (Fein & Cavar, 2000; Nasi, del Pilar Gomez, & Payne, 2000) . Do the present results constrain models of fly phototransduction?
Fly phototransduction begins with the photoisomerisation of rhodopsin and the sequential activation of a G-protein and the enzyme, phospholipase C (PLC) (Hardie, 2003; Hardie & Raghu, 2001) . PLC then hydrolyses the phospholipid, phophatidyl inositol biphosphate (PIP 2 ), into inositol triphosphate (IP 3 ) and diacylglycerol (DAG). Through as yet unknown mechanisms, phototransduction culminates in the activation of two channels, TRP and TRPL (Hardie & Minke, 1992; Niemeyer, Suzuki, Scott, Jalink, & Zuker, 1996) . Presently it is thought that DAG or its derivative products could be responsible for gating these channels, possibly interacting with falling levels of PIP 2 (Chyb, Raghu, & Hardie, 1999; Estacion, Sinkins, & Schilling, 2001) . Once activated, the light-gated channels admit Ca 2+ , which implements rapid, sequential positive and negative feedback on channel gating to limit bump duration (Henderson et al., 2000) .
Given our incomplete knowledge of fly phototransduction and the apparently multiple actions of Ca 2+ , we may only speak tentatively about the implications of a scaling relationship for the mechanisms of adaptation. Nevertheless, bumps are well described by the model of Eq. (15). Although purely phenomenonological, this model may provide an understanding of what sort of principles control light adaptation. I shall therefore explore its implications in a little more detail. Following Fuortes and Hodgkin (1964) , the bump is modelled as the impulse response, h (t), of a cascade of a identical first-order filters, each with a gain of b and a time constant of s. Then h (t) is
The power spectrum of this response, scaled by event rate, k, is exactly as in Eq. (15). A is proportional to bump amplitude for a given number of filters, a, and s indicates duration. The present results indicate that the equivalent number of filters involved in the bump response is approximately three (a = 3) while bump amplitude is proportional to the square of duration (A / s 2 ). From Eq. (21), this scaling is only possible if b is fixed. That is, all the features of bump adaptation derive from changes in the operating speeds of the system components only, not their gains.
In the chemical equivalent of this model (Borsellino, Fuortes, & Smith, 1965) , adaptation is effected by changes in the speed of removal of active intermediates. That is, photoreceptor adaptation would be the result of changes in the rates of enzymatic reactions, not the amount of an initial substrate. Obvious candidate molecules controlling termination of the bump and thus amplification are calmodulin (CAM) and protein kinase C (PKC), coded by the cam and inac genes, respectively (OÕTousa, 2002) . Both bind with calcium and are required for adaptation (Hardie et al., 1993; Porter, Minke, & Montell, 1995) . Additionally, PKC may be directly involved in termination as it is activated by DAG and inac mutants exhibit abnormally long bumps (Hardie et al., 1993 ). The precise nature of the actions of both calmodulin and PKC remain unclear, largely owing to the diversity of transduction molecules that will bind with them (OÕTousa, 2002) . Nevertheless, PLC and TRP are both targets for Ca 2+ /calmodulin and PKC. The present model would predict that the activity of PLC and the gating of TRP are somehow inhibited by Ca 2+ /calmodulin and PKC in a light dependent manner after the bump is initiated, resulting in a progressive loss of bump duration and amplitude with adaptation.
Membrane impedance
The above arguments rely on a constant value of the parameter, a, describing the number of filters involved in the generation of the bump waveform Eq. (20), or equivalently, the slope of the noise power spectrum at high frequencies Eq. (15). This constancy held over the light intensities covered here (Figs. 2B and 5) . However, it is not anticipated to continue at higher light intensities. First, when the phototransduction cascade is intensely stimulated, the light-gated channels may act independently with two independent states, open and closed (Schnakenberg, 1988; Wong, 1978) . Under these circumstances, a = 1. Second, the depolarisation that results from light-gated current activates two delayed rectifier K + channels (Juusola & Weckströ m, 1993; Weckströ m, Hardie, & Laughlin, 1991) . These act as a band-pass filter of photoreceptor current and would also reduce a.
The precise influence of membrane impedance on the present results is unknown. There are few recordings of impedance in Musca (Burton, 2002; Hornstein, OÕCarroll, Anderson, & Laughlin, 2000) and none covering the range of intensities examined here. Fortunately, voltage noise was consistently in the range of 1-2 mV (Fig. 1A) , which would tend to mitigate the filtering performed by voltage-sensitive conductances. Furthermore, I have concentrated on the low-light intensity range where K + channels in other species are less active (Laughlin & Weckströ m, 1993) . Nevertheless, the low-pass characteristics of a passive membrane will have remained and there will have been shunting effects associated with a rising light-gated conductance. The results would have been to raise the value of a and reduce bump amplitude at the higher light intensities.
With regard to the scaling law described, the impedance of a passive membrane could act as one of the filters in Eq. (20). Thus, if a scaling law exists for bump current, it is likely to be of a different form, one in which bump amplitude is proportional to duration, not duration squared. It would be of some interest to adjust noise spectra for impedance in these cells experimentally and examine the relationship between the dimensions of bump current.
The dark event
The dark event reflects the skew of voltage noise measured in the absence of light. It is not an artefact because the bispectrum produced no such event when constructed from the (Gaussian) electrode noise, measured outside the cell. I have also argued that the dark event does not represent spontaneous bumps as it is too narrow (Fig. 4) . It is also smaller than a bump, only 0.139 mV. Nevertheless, the dark event may derive from downstream elements within the phototransduction cascade, as is the case for dark noise in vertebrate rods and cones (Baylor, Matthews, & Yau, 1980; Rieke & Baylor, 2000) .
I suggest a likely cause of the dark event is the spontaneous activation of G-protein. It has been suggested that, in flies, no amplification occurs between the absorption of a photon and the activation of PLC (Scott, Becker, Sun, Hardy, & Zuker, 1995; Scott & Zuker, 1998) . However, small and narrow spontaneous bumps have since been observed under low-noise patch clamp conditions in dark-adapted Drosophila photoreceptors (Hardie et al., 2002) . While too small to represent the activation of a rhodopsin molecule, which leads to a normally sized bump, these smaller bumps were eliminated in mutants with greatly reduced G-protein, indicating a G-protein origin. In Musca too, bath-applied GTP analogues and F À ions, which should activate G-protein directly, induce noise that is composed of events three to five times smaller than a typical light-induced bump (Minke & Stephenson, 1985) . Similar results are obtained in Limulus (Kirkwood, Weiner, & Lisman, 1989) .
The dark event I have recorded is approximately five times smaller than a dark-adapted bump. However, the calculated rate, ca. 100 s À1 , is somewhat greater than in Drosophila, in which dark events occur at a rate of 3 s À1 (Hardie et al., 2002) . Such a difference is far greater than predicted from differences in rhabdomeral volume, assuming a constant spontaneous activation rate for G-protein.
Either the adjustment for electrode noise has not compensated skew enough or there exists another source of skewed noise. The latter seems unlikely, although it may be worth reexamining the second and third moments of noise in Drosophila. The existence of an event that originates from downstream elements of the cascade is of great importance from a diagnostic point of view because it provides another way to dissect the phototransduction pathway. For example, a comparison of the responses of the dark event and a dark-adapted bump to Ca 2+ , an agent of adaptation, would inform us about the mechanisms of adaptation in upstream reactions.
